Onshore 3D seismic data is often acquired with rich azimuth coverage by utilising orthogonal shooting (or cross-spread) layouts. This means that azimuthal anisotropy, if present, can be readily observed and its effects on the data can be quantified and accounted for as part of the processing and imaging flow.
INTRODUCTION
The study area presented lies on the southwest flank of the Fitzroy Trough located in the onshore Canning Basin ( Figure  1 ). The data presented comes from the southern part of the Yakka Munga 3D Survey, acquired in November 2015 by Terrex on behalf of Buru Energy across petroleum exploration permits EP391 and EP428. The objective is to explore for oil in upper Devonian and early Carboniferous Laurel Carbonates, and late Carboniferous fluvial clastics of the Reeves Formation. This was the first survey in the Canning Basin to be recorded using a nodal geophone system. The 16 second 5-90 Hz frequency sweep was provided by twin Hemi50 50,000 lbs vibrators ( Figure 2 ) with a 240 m source line spacing and a 40 m VP spacing. The receiver lines were laid out orthogonal to the source lines, spaced 240 m apart, and utilised Fairfield's ZL and nodal geophones buried every 40 m. With a total live spread of 2640 channels, the maximum nominal offset was 2640 m (inline) with a nominal fold of 110. The receiver lines were arranged at an azimuth of 119 degrees, and the source lines at an azimuth of 29 degrees. Offset and azimuth coverage for each source is shown in the rose diagram in Figure 3 . Borehole breakout and drilling-induced tension fractures observed in borehole images from Ungani-2, Ungani-3, and Ungani-5, the closest offset wells to the Yakka Munga 3D survey, show a regional maximum horizontal stress orientation (SHmax) of NE-SW. This area has significant NW-SE trending normal faults through the early Permian section, underlying the Fitzroy unconformity. The throw across these faults can be several hundred metres. Since the area has experienced significant burial depths prior to uplift, the primary control in seismic velocity is lithological rather than the depth of present-day burial. Hence there can be large velocity contrasts across these faults. Figure 4 shows the two-way-time (TWT) surface of the Nura-Nura horizon highlighting the distribution and orientation of the faulting. During the pre-migration phase of the seismic processing the data was sorted to "snail" gathers for QC. These are common mid-point gathers where the traces are arranged in increasing offset bins and by increasing azimuth within these bins. This can be imagined as drawing a spiral or snail shell shape on a chart of a common mid-point gather's signed offsets in both x and y, and then unpeeling the spiral into a flat plot ( Figure 6 ). Example "snail" gathers are shown in Figure 7 . It is noticeable that the bright event on the gathers, which is the Nura-Nura reflector, shows a pattern where, as the azimuth rotates, the isotropic normal moveout (NMO) correction is either overcorrecting or under-correcting the data, resulting in wobbles. This suggests that azimuthal anisotropy may be present.
Figure 6. A diagram showing how a "snail" gather is constructed. (after Sharma, 2017)
However, given that the presence of the faulting results in large lateral velocity contrasts, an alternative interpretation could be described by the effect of velocity heterogeneity. To correct for this, an accurate velocity model and appropriate migration algorithm are required. 
WHY THE WOBBLE? Azimuthal anisotropy
Seismic anisotropy is simply defined by a velocity field which is directionally dependent. Azimuthal anisotropy is then the variation of velocity as a function of azimuth and is often referred to as horizontal transverse isotropy (HTI). Similarly, the more familiar vertical (or tilted) transverse isotropy is where velocity in horizontal directions (parallel to bedding planes) is different from the vertical direction (perpendicular to bedding planes). A tilted orthorhombic (ToRT) velocity is one which accounts for both velocity variations within the bedding planes and orthogonal to them.
Azimuthal anisotropy is usually caused by the alignment of vertical fractures (Crampin and Leary, 1993) , regional stress fields (Craft et al., 1997) , or both.
Given that there is some reactivation of the normal faults in the area, it is not unreasonable to assume that there may be a regional compressional stress field, and so some azimuthal anisotropy may be expected.
Velocity heterogeneity
When the velocity sound in the earth changes rapidly with respect to lateral position it is also possible that the travel-time of the seismic wavefield will depend on the position of the source and receiver -even when imaging the same location (with the same offset). One feature of velocity heterogeneity is that there may be less consistency between fast and slow directions across the survey. A good case study of this is presented by Zimine et al., (2010) .
METHODS

Azimuthal anisotropy
Several methodologies exist for correcting azimuthal anisotropy. These can be largely broken down into two types depending on whether the solution is applied in terms of normal move-out (NMO) or integrated into the migration step.
An NMO correction can be applied either pre-migration or post-migration. In either case, a nominal azimuth is selected and an azimuthally-variant velocity field derived. A 1-d correction is then applied to account for the velocity differences between the acquisition and nominal azimuths. For a post-migration correction, the data must be migrated in sectors of similar acquisition azimuth; if a pre-migration correction is applied, all traces can then be migrated together Alternatively, the azimuthal anisotropy can be corrected for within migration, using either an HTI or TORT velocity model. These are derived by migrating the data in azimuth sectors, running tomography on the different sectors and combining the results, generally in an iterative process. Alternatively, a velocity model without an azimuthal component can be derived, and then migration scans performed to derive an azimuthally-variant model. The former generally used for depth migrations, and the latter common for time migrations.
Velocity heterogeneity
To accurately account for velocity heterogeneity, the velocity model needs to model the real earth velocity variations, which requires an iterative model-building approach. A depth migration algorithm is also required, as time migration is unsuitable for areas with significant lateral velocity changes. In this study a TTI velocity model was built iteratively and the data migrated with a Kirchhoff PreSDM, honouring the detailed velocity model.
As described earlier, the travel time of the seismic wavefield may depend on the source and receiver position, not just the imaging location and offset between source and receiver. To sufficiently resolve the velocity heterogeneity, it is necessary to include these different travel times in tomographic modelbuilding, with relevant azimuthal information. Then the various travel time errors can be measured and attributed to the appropriate part of the sub-surface.
If all data were migrated together for model-building, these different travel times could no longer be observed. Hence the model-building migrations are performed in azimuth sectors, using the same velocity model. Migrated gathers from each azimuth sector are then conditioned and residual move-out picks created to represent the travel time errors.
In this study, three azimuth sectors were used, centred on 22 degrees, 82 degrees and 142 degrees from north, as depicted in Figure 3 . Source-receiver reciprocity is assumed, hence azimuths greater than 180 degrees are reversed, and these All that wobbles isn't necessarily anisotropy Debenham, Badry, and Megebry AEGC 2019: From Data to Discovery -Perth, Australia 4 three sectors represent the full surface azimuth space. A 5D interpolation was performed on the input data, with all original traces being retained and additional interpolated traces only created for empty offset/azimuth bins, so all the relevant acquisition information was preserved.
All three sets of moveout picks are input to the same tomography job. The rays are traced separately for each set of picks using the central azimuth of the sector, and the solver solves for a single model that can best account for all the travel time errors along each ray path. This has dual benefits, as not only does it allow for the observed moveout differences with azimuth to be corrected, but it also massively increases the subsurface coverage of the tomography by illuminating features from several different directions.
To allow for precision velocity model building the tomography algorithm needs to be capable of honouring geological constraints, and in this case, the ability to perform directional smoothing consistent with the geologic dip direction of the seismic data was key in getting a good result. Fault constrained tomography also helps to avoid smearing of velocity updates between footwall and hanging wall. Five iterations of tomography were performed on the azimuth sectored data.
RESULTS
When residual moveout is picked the degree of moveout present at each point in the gather can be quantified by a value called gamma. This can simplistically be thought of as the ratio between the current migration velocity and the RMO derived velocity. A value greater than one indicates that the current imaging velocity is too fast, and less than one indicates that the current imaging velocity is too slow.
Gamma volumes were created for each of the three migrated azimuths at each iteration. Gamma values were extracted for key geological boundaries, and then the divergence in gamma between azimuth sectors calculated for all spatial locations by taking the difference between the maximum and minimum gamma values. If the velocity model-building is sufficiently accounting for the observed pre-migration azimuthal travel time variations, this divergence in gamma would converge towards zero. The divergence in gamma is shown in Figure 8 for the Nura Nura horizon, for the initial model, and after five iterations of tomography. It can be seen the differences in moveout between the azimuth sectors are much reduced by the tomographic updates.
Also shown below in Figure 9 is an extraction of the gamma volume around the Nura-Nura horizon for each of the three azimuths when migrated with the initial model, and with the final model after 5 iterations of tomography. These are the maps that generate the plot in Figure 8 . This shows that there is a differing moveout pattern across the study area for each of the azimuth sectors, but also that overall the moveout is reduced after five iterations of model building, and that the distribution of errors between the azimuths is narrower at this point.
Also, it can be noted that the moveout errors have not reduced to zero, and that there is still some difference between the azimuths. This implies that the velocity model has not fully captured all of the detailed changes associated with the faulting, and perhaps that there is also a small component of azimuthal anisotropy associated with the stress field, that is not able to be solved for through this workflow. Figure 10 shows the gathers from both the initial model migration and the final VMB5 migration. The gathers are displayed with the three azimuth sectors interleaved. This means that if there is any difference in moveout between the azimuths that this manifests as jitter that increases in degree towards the further offsets. Red arrows have been annotated onto the leftmost pair of gathers to highlight two events that show significant jitter at the initial model stage, which is then largely resolved by the VMB5 stage.
CONCLUSIONS
Despite initially thinking that this area contained significant levels of azimuthal anisotropy that would need to be quantified and included in the models, later work showed most of this stemmed from velocity heterogeneity and could be resolved by a TTI velocity model and migration.
When the input acquisition azimuth information was honoured with azimuthally aware ray-based tomography, a velocity model was created with sufficient detail to significantly reduce the level of velocity difference with azimuth, such that azimuthal anisotropy was not required to flatten the gathers.
This had two benefits. Firstly, it simplified the workflow for determining the model parameters, and avoids the requirement of running the more computationally expensive orthorhombic migration. Secondly, the fact that this can be solved by velocity alone implies that solving it with azimuthal anisotropy would not have been true to the real earth and would therefore have suffered from suboptimal imaging. Misattributing the errors to stress or fracture related azimuthal anisotropy may also lead to erroneous concerns and considerations of drilling issues that may be caused by this phenomenon. 
